Abstract. This review article describes developments in chiral metallocenes as polymerization catalysts focusing on C 2 symmetric ansa-zirconocene complexes. Selective synthesis of rac-isomers of ansa-zirconocenes are surveyed. Isospecific polymerizations of propylene catalyzed by chiral zirconocenes are summarized. Advanced series of polymerizations by chiral metallocenes such as asymmetric polymerization and polymerization of polar monomers are also introduced.
Introduction
Metallocenes of Group 4 metals have been attracted great attention as precursors of homogeneous olefin polymerization catalysts [1] [2] [3] . In comparison with heterogeneous Ziegler-Natta catalysts, the metallocene catalysts have many advantages based on their homogeneity. One of the most exciting features of the metallocene catalysts is the strong ligand effect on their catalytic behaviors such as activity, molecular weight control, and stereospecificity. Especially, tacticities of the resulting poly(α-olefin)s highly depend on the structures of the precatalysts: achiral simple metallocenes such as Cp 2 ZrCl 2 (1, Cp = cyclopentadienyl) produce atactic polymers, while C 2 -symmetric chiral metallocenes such as rac-(C 2 H 4 )(Ind) 2 ZrCl 2 (rac-2, Ind = 1-indenyl)) and C s -symmetric complexes such as Me 2 C(C 5 H 4 )(Flu)ZrCl 2 (3, Flu = fluorenyl) yield isotactic and syndiotactic poly(α-olefin)s, respectively (Scheme 1).
Among these three types of metallocene catalysts, C 2 -symmetric chiral metallocenes are of great importance, because isotactic polypropylene is one of the most popular commodity resins. For the purpose of isospecific polymerization, contamination of achiral meso-isomers such as meso-2, which produce atactic polymers, should be avoided. In this review article, we survey developments of chiral metallocenes focusing on C 2 symmetric ansa-zirconocene catalysts, including their selective synthesis and their catalytic behavior for stereospecific polymerization of α-olefins and polar monomers.
Selective Synthesis of Chiral ansa-Metallocenes
For the purpose of isospecific polymerization of α-olefins, chiral metallocenes are not necessary to be optically active, but should be free from undesired impurities such as achiral meso-isomers. Chiral ansa-metallocenes such as rac-(C 2 H 4 )(Ind) 2 MCl 2 (M = Ti (rac-4), Zr (rac-2), Hf (rac-5)) had been synthesized by the reaction of MCl 4 (THF) 2 and Li 2 {(C 2 H 4 )(Ind) 2 } [4] [5] [6] [7] . However, these reactions are always suffered by the formation of byproducts such as undesired achiral meso-isomers and polymeric complexes. Thus, rac-selective syntheses of ansa-metallocenes have been studied.
A 4 , result in lower rac-selectivity than the case of Zr(NMe 2 ) 4 in the synthesis of (C 2 H 4 )(Ind) 2 Zr(NR 2 ) 2 . This strategy is also effective for the rac-selective synthesis of silylene bridged metallocene complexes, when appropriate amide complexes are chosen depending on the ansa-cyclopentadienyl ligand used.
The amine elimination reaction is quite useful for the preparation of rather simple chiral ansa-metallocenes, but not so effective for bulky substituted bridged-indenyl derivatives. A chelating diamide complex, Zr{PhN(CH 2 ) 3 NPh}Cl 2 (THF) 2 was found to be an effective precursor for rac-selective synthesis of bulky ansa-metallocenes (14) (15) (16) (17) 
Isospecific Polymerization of Propylene by Chiral ansa-Type (Bridged) Metallocenes
In 1984, Ewen found that chiral ansa-metallocene catalysts promote isospecific polymerization of propylene [16] . A mixture of meso-and rac-isomers of (C 2 H 4 )(Ind) 2 TiCl 2 (4) upon activation with MAO afforded a mixture of isotactic PP and atactic PP [16] , this opened a new era of mtallocene catalyst. Examples of chiral metallocenes as precursors of olefin polymerization catalysts are illustrated in Scheme 3, and the representative results of isospecific polymerization of propylene are shown in Table 1 .
Scheme 3 The isospecificity of (C 2 H 4 )(Ind) 2 ZrCl 2 (2)/MAO in the polymerization of propylene tends to decrease with raising polymerization temperature and decreasing [Al]/[Zr] ratio [17] . Brintzinger found that a pure rac isomer of ansa-zirconocene, rac-(C 2 H 4 )(IndH 4 ) 2 ZrCl 2 (19, IndH 4 = tetrahydroindenyl), polymerized propylene to produce isotactic polypropylene [18] . The investigation on the stereo-and regioirregularity of the polypropylenes obtained by rac-2 and 19 concluded that the isospecific polymerizations by the chiral ansa-metallocene catalysts proceed with the enantiomorphic site control mechanism [19] . This is in sharp contrast to the fact that stereospecific polymerizations by achiral titanocenes proceed with chain end control [20] .
C 2 -Symmetric silylene bridged metallocenes are also catalyst precursors for isospecific polymerization of propylene. Actually, a silylene bridged derivative, rac-Me 2 Si(Ind) 2 (26) , are also effective for isospecific polymerization of propylene [24] [25] [26] . In comparison between 25 and 26, the Me-substituent at 2-position of the indenyl group in 26 was found to be effective for suppression of chain transfer to produce high molecular weight polymers [26] . The fused pyrrol complexes 27 and 28 are slightly less active and less isoselective but more regioselective in comparison with the similar indenyl complex 23 under the same conditions [27] . The fused thiophene complexes 29-31 are notable for the highest activity among the reported propylene polymerization catalysts [27] . Their isospecificity is only slightly lower and their regioselectivity is higher than those of 23.
Chiral C 2 -symmetric doubly bridged zirconocene complexes, (Me 2 Si) 2 {1,2-(3,4-Me 2 Cp)} 2 ZrCl 2 (32) and (Me 2 Si) 2 (1,2-IndH 4 ) 2 ZrCl 2 (33), produced polypropylene in the presence of MAO, but their isospecificities (mmmm = 38 and 80%, respectively) are lower than the similar singly bridged metallocenes [28] .
The ethylene-bridged hafnocenes, rac-(C 2 H 4 )(Ind) 2 HfCl 2 (5) and rac-(C 2 H 4 )(IndH 4 ) 2 HfCl 2 (34), also catalyze isospecific polymerization of propylene upon the activation by MAO [29] . The hafnium catalysts produce polypropylenes with similar isotacticities and higher molecular weights in comparison with zirconium catalysts, however, their activities are significantly lower than the zirconium catalysts.
Stereospecificities of chiral C 1 -symmetric complexes depend on their steric hindrances. For example, a 3-methyl substitutedcomplex, Me 2 C(3-MeCp)(Flu)ZrCl 2 , provides hemiisotactic polypropylene [30] , while the similar tert-butyl substituted complex, Me 2 C(3-Bu t Cp)(Flu)ZrCl 2 , affords isotactic polypropylene [31] . Chiral titanocene complexes such as 4 also produce isotactic polypropylene, however, their activities and isospecificities tend to be lower than the similar zirconium catalysts [32] . Chiral C 1 -symmetric ethylidene-bridged titanium complexes, MeCH(Ind)(C 5 Me 4 )TiX 2 /MAO (X = Cl (35), Me (36)) polymerize propylene to give a stereoblock polymer comprising alternating sequences of stereoregular and stereoirregular polypropylene, which is a thermoplastic elastomer [32] [33] [34] .
Isospecific Polymerization of Propylene by Unbridged Metallocenes
Some unbridged metallocenes having chiral substituents on Cp rings catalyze isospecific polymerization of propylene. Examples of such complexes are illustrated in Scheme 4, and the representative results are included in Table 1 . A simple achiral metallocene catalyst, Cp 2 TiPh 2 (37)/MAO, promotes isospecific polymerization of propylene (mmmm ~ 50%) at low temperature by chain-end control mechanism [16] . Zirconocene complexes having chiral substituents on Cp rings, rac-(R*Cp) 2 ZrCl 2 (38-41), produces partially isotactic polypropylene (mmmm ~75%) at low temperature upon activation with MAO [35, 36] . Bis(indenyl)zirconium complexes having bulky chiral substituents on indenyl rings, (R*Ind) 2 ZrCl 2 (R* = neoisomenthy (42), 3-α-cholestanyl (43)), are more isospecific (mmmm = 77% for 42, 80% for 43) than 38-41 [37] [38] [39] .
A reaction of ZrCl 4 with two equiv. of 1-methylfluorenyllithium selectively affords a stereorigid and chiral zirconocene, (1-MeFlu) 2 ZrCl 2 (44), because of steric effect of the ligand. The complex 44 together with MAO polymerized propylene to give polypropylene with relatively high isotacticity among the unbridged zirconocene systems even at 60 °C [40] .
A unique unbridged bis(2-phenylindenyl)zirconium complex (45) gave elastic, isotactic-atactic stereoblock polypropylene controlled by rotation of the 2-phenylindenyl as shown in Scheme 5 [41] . 
Asymmetric Polymerization by Enantiopure Chiral Metallocenes
Polymerization of 1,5-hexadiene by an enantiopure ansa-zirconocene (46)/MAO system proceeds with cyclization to give an main-chain optically active trans-diisotactic polymer (equation 5, 68% trans rings) [42] [43] [44] . The enantioselectivity for this cyclopolymerization can be explained by the fact that the same prochiral face of olefins was selected by the chiral zirconium center. Asymmetric hydrogenation as well as C-C bond formation catalyzed by 46 has recently been developed to achieve high enantioselectivity. This parallels to the high stereoselectivity in the polymerization.
Enantiopure doubly bridged metallocenes 47-50 (Scheme 6) are effective for kinetic resolution of racemic mixture of chiral α-olefins by enantio-selective polymerization [45] . The zirconocene dichlorides having an enantiopure methylneopentyl group on the "upper" cyclopentadienyl ligand 47-49 showed unprecedent activity for the polymerization of -olefins having bulky substituents at 3-and/or 4-positions. these complexes achieved partial kinetic resolution of 3-methyl-1-pentene, 3-methyl-1-hexene, and 3,5,5-trimethyl-1-hexene (s = k faster /k slower ≈ 2), and in paricular, realized high resolution of 3,4-dimethyl-1-pentene (s > 15 for 47). The zirconocene dichlorides having an enantiopure 1-cyclohexylethyl group on the "lower" cyclopentadienyl ligand 50a and 50b are less effective for kinetic resolution of those monomers than 47-49. 
Isospecific Polymerization of Polar Monomers
Metallocene catalysts are also effective for the polymerization of polar monomers such as methyl methacrylate (MMA), and the representative results of the polymerization of MMA are listed in Table 2 . 3 system rapidly polymerizes MMA in CH 2 Cl 2 to give highly isotactic PMMA with narrow molecular weight distribution [52] .
In a sharp contrast to the case of boron-containing cocatalysts, the use of an aluminum-based cocatalyst Al(C 6 F 5 ) 3 yields syndiotactic-rich PMMA even in a combination of chiral metallocene 56 [53] . The polymerization by the Al(C 6 F 5 ) 3 system is proposed to proceed via enolaluminate. A unique combination of the isospecific metallocene catalyst and syndiospecific aluminum catalyst realize isotactic-b-syndiotactic stereoblock copolymerization of MMA ([mm]/[mr]/[rr] = 46.4/7.9/45.7) (Scheme 7) [54] .
The active species in these MMA polymerization by zirconocene systems had been suggested to be metal enolates, therefore chiral ansa-zirconocene ester enolates were isolated to reveal the polymerization mechanism [55] . The chiral ansa-zirconocene diamide complex rac-13 can be derived to a ester enolate complex, rac-(C 2 H 4 )(Ind) 2 [56] . The cationic complex 58 also achieved highly isospecific and controlled polymerization of N,N-dimethylacrylamide (DMAA) for the first time [57] . The polymerizations of DMAA by cationic methyl complexes [rac-(C 2 H 4 )(Ind) 2 ZrMe][MeM(C 6 F 5 ) 3 ] (M = B and Al) produce isotactic-rich poly(N,N-dimethylacrylamide) (PDMAA, mm = 93% and 61%, respectively). Both complexes yielded highly isotactic PDMAA (mm = 98%) in the presence of radical-inhibitor (galvinoxyl), but their molecular weight distributions are broad. The cationic ester enolate complex 58 selectively promotes coordination polymerization of DMAA even without radical-inhibitor to afford almost perfectly isotactic (mm > 99%) PDMAA with narrow molecular weight distribution (M n = 92.7 kg/mol, M w /M n = 1.07) and high melting point (T m = 306 °C).
Conclusions
Because of their commercial importance, chiral zirconocenes developed at first as catalyst precursors for the isospecific polymerization of α-olefins, especially of propylene. Now, research interests seem to be moving onto the polymerization of functionalized monomers. Highly stereoregular polymerization of many technologically important polar monomers still remains challenging. Because both enantioselective polymerization of hydrocarbon monomers and isospecific polymerization of polar monomers had been achieved, asymmetric polymerization of polar monomers by enantiopure chiral metallocene catalysts could also be possible. Thus, polymerization of polar monomers by chiral metallocenes seems to be promising.
